The ratio of the negative ion density to the electron density has been determined using a novel two-probe technique in the diffusion chamber of an SF 6 helicon reactor. The Bohm flux (as modified by negative ions) was measured using a guarded planar probe, while the electron thermal current was obtained using a small cylindrical probe. The negative ion concentration was then determined from the ratio of these two currents. Results obtained with this simple technique show that the plasma in the diffusion chamber is divided radially into three regions. The central region contains hot electrons from the source that are confined by the magnetic field, positive ions being created through impact ionization, and a large proportion of negative ions (n − /n e ≈ 5). The edge region is a positive ion-negative ion plasma having a negligible electron density. These two regions are separated by a transition layer with a potential drop of ≈3 V. This layer performs some of the functions of a sheath. Consequently, the sheath at the chamber walls may be quite small since the thermal fluxes of positive and negative ions are nearly equal. The negative ion temperature is found to be ≈0.5 eV, which is much higher than the neutral gas temperature.
Introduction
Negative ions are present in most plasmas used in materials processing. This is sometimes viewed as a problem since it leads to a significant reduction in the positive ion flux to the substrate [1] [2] [3] and to particulate formation [4, 5] . The negative ions are usually trapped in the plasma potential well imposed by the electrons, though they can be extracted from pulsed plasmas [5] [6] [7] . For example, it has been found [7] that positive and negative ions can alternately be accelerated to a substrate using a low-frequency rf bias in the afterglow of an electronegative discharge, giving a high etch rate for poly-Si and ameliorating deleterious charge accumulation. Theoretically, new concepts are required to correctly model electronegative plasma equilibrium and chemistry, including new boundary conditions [1] [2] [3] , transport equations and rate constants [8, 9] . All of these considerations emphasize the importance of experimentally characterizing the negative ion component of etching and deposition plasmas.
A number of diagnostics have been used to characterize electronegative discharges. Laser-induced photodetachment has been studied extensively [10] [11] [12] [13] and has demonstrated its utility. Mass spectrometric measurements have also been used [5, 6, 14] , and allow the identification of negative ion species. Unfortunately, the latter technique is not well spatially resolved and under most circumstances negative ions can only be extracted from pulsed discharges. Both techniques require expensive, complicated apparatus. The negative ion fraction has also been deduced by measuring ion acoustic waves [15] , which while experimentally not too complicated, again lacks spatial resolution. Finally, Boyd and Thompson [2] and Braithwaite and Allen [3] have proposed that the negative ion fraction α = n − /n e can be deduced from the saturation current ratio R = I (V p )/I + sat = f (α) for an electrostatic probe, where I + sat is the positive ion saturation current and I (V p ) is the electron current at the plasma potential. This technique is experimentally simple and gives localized information, but requires a good model for the positive ion flux to the probe when negative ions are present. Moreover, accurate measurement of the electron current in reactive and magnetized plasmas is difficult because of probe contamination and the anisotropy introduced by the magnetic field. However, Nikitin et al [16] compared results obtained using a single probe technique and laser-induced photo-detachment and found fairly good agreement in an unmagnetized hydrogen plasma when α is not too small.
In this paper, we examine the possibility offered by electrostatic probe measurements to deduce α from R. We use a new model for the positive ion flux from a planar, electronegative discharge [1] . Two different probes have been used: a planar probe with a guard ring to collect the positive ion saturation current without edge effects, and a small cylindrical probe to collect the electron thermal current at the plasma potential. A normalization technique using data from an Ar discharge overcomes difficulties caused by the magnetic field and by probe contamination. We also deduce α from floating potential measurements. We apply both techniques to measure the radial variation of α in the diffusion chamber of an SF 6 helicon etching plasma. We propose a qualitative description of this type of magnetized electronegative discharge.
Theory

Saturation current ratio
The negative ion fraction in the bulk plasma (or the presheath) α can be deduced from the saturation current ratio R [2, 3] where
The thermal particle current at the plasma potential V p is best measured with a small probe (effective area A 2 ) to minimize perturbations, giving
Here the contribution of positive and negative ions is negligible for α < 100. The positive ion saturation current is given by the modified Bohm flux s into the sheath to a planar probe of effective area A 1
An expression for the modified Bohm flux in a collisionless electronegative plasma as a function of α in the bulk plasma was first derived by Boyd and Thompson [2] and subsequently improved by Braithwaite and Allen [3] . We have developed a related model [1] for the plane symmetric discharge to calculate s (α) . Results from this model are plotted in figure 1 for different electron to negative ion temperature ratios γ = T e /T − . This graph shows that we need to know the temperature ratio to deduce an absolute (i.e. not relative) value for α using our technique. From equations (2) and (3), R can be expressed as
where C s = √ kT e /m i is the ion acoustic speed in the absence of negative ions, and m i is the positive ion mass. The normalized Bohm flux s (α)/n e0 C s for a given temperature ratio γ is predicted by the model (figure 1), while the ratio of effective areas (A 2 /A 1 ) * is deduced by measuring the current ratio in Ar and using
The ratio of currents for Ar is predicted to be independent of the electron temperature. 
Floating potential
The floating potential V f is the potential at which the positive and negative currents to an electrode balance, so that
with V = V p −V f . In writing (6), we have assumed that the collecting areas for electrons and ions are equal (i.e. the thin sheath assumption), that the electron distribution function is Maxwellian, and that negative ions do not contribute significantly to the negative particle current. Equation (6) can be solved for V , where the second term includes corrections for negative ions
The main positive ion in our SF 6 helicon discharge for pressures above 1 mTorr has been identified as [17] SF + 3 (mass 89). Thus, (7) can be expressed in a more convenient form relating α to V as
where T e is in electron volts. The correction due to negative ions enters (8) logarithmically. Consequently, when the negative ion density is not too large V should be proportional to T e , while for α 1, V will decrease and become approximately zero (depending on the positive and negative ion masses) when the electron current is negligible.
Experiment
The experimental set-up and helicon reactor are described in detail in [17] . Briefly, the reactor consists of a 15 cm diameter, 30 cm long glass tube (the source chamber) surrounded by a helicon antenna and two magnetic field coils, that sit atop a 35 cm diameter, 30 cm long Al diffusion chamber surrounded by a further two field coils. The currents in the coils were adjusted to produce a cusped magnetic field in the source and a uniform field in the diffusion chamber, as shown in figure 2 . This configuration has been found to maximize the plasma density in the diffusion chamber. Note that the magnitude of the magnetic field is such that electrons are magnetized, while ions are effectively unmagnetized and can move radially with little hindrance.
Probe measurements were taken along the radius of the diffusion chamber 15 cm below the bottom of the source chamber. As mentioned in section 2, it is difficult to measure the fully saturated positive ion saturation current I + sat (i.e. without edge effects) and the thermal current at the plasma potential I (V p ) using the same probe. Thus, we used a planar probe having a 6 mm diameter collector and a 13 mm diameter guard ring, both biased at −80 V (by separate power supplies), to measure I + sat . The thermal current at the plasma potential was determined from the full characteristic of a small cylindrical probe. The cylindrical probe characteristic was also used to deduce the plasma potential, the floating potential and the electron temperature. To use our two-probe technique it is necessary to know the ratio of the effective areas (A 2 /A 1 ) * in the absence of negative ions (equation (4)). Since the electron Larmor radius is small (≈1 mm), the effective collection area of the cylindrical probe may be affected by the magnetic field. Furthermore, the electron current is known to be sensitive to probe tip contamination. To estimate (A 2 /A 1 ) * , we measured the ratio of currents to the two probes in an Ar discharge (equation (5)) for the same conditions as the SF 6 discharge (same pressure, power, and position). (It is assumed that the electron temperature is comparable in the Ar and SF 6 discharges.) These measurements have shown that the probe tip was not contaminated when operating in SF 6 since the effective area ratio did not change after many experiments. Therefore, (A 2 /A 1 ) * as measured in Ar was used to deduce α from R in SF 6 discharges. 6 and 400 W of rf power. The pressure was 1.0 mTorr with the plasma off, and 2.5 mTorr when it was on. We observe three regions: the centre where source electrons are confined by the axial magnetic field and the plasma potential is greatest, the plasma edge where electrons are negligible and the potential is minimum, and a transition layer with a potential drop of several volts.
Results and discussion
Radial potential and electron temperature profiles
All results presented in this section were obtained for an SF 6 pressure of 1 mTorr (no plasma) and 400 W of injected rf power. With the plasma on, the pressure increased to 2.5 mTorr due to dissociation [17] as measured using a capacitance manometer. Figure 3 shows the radial profile of the plasma potential obtained from cylindrical probe characteristics. Three main regions can be identified. At the centre of the discharge the plasma potential is greatest, while at the plasma edge the potential is least and the electron density is negligible (as will be shown below). These two regions are separated by a transition layer across which there is a potential drop of ≈3 V. In the central region the plasma potential is very nearly constant. This indicates that the negative ion density is large enough so that the scale of the potential variation in the radial presheath is determined by the negative ion temperature [1] , rather than the electron temperature. Figure 4 shows cylindrical probe characteristics on axis (r = 0) and at the plasma edge (r = 16 cm). These curves confirm that electrons are the dominant source of negative particle current in the central region ( figure 4(a) ), even though the negative ion density is larger than the electron density, as discussed in the next section. At the plasma edge ( figure 4(b) ), the positive and negative saturation currents are nearly equal, so that the electron current (and density) must be negligible. That is, all the current is carried by the positive and negative ions, which must have equal space charge densities, leading to a symmetric probe characteristic. Similar symmetric probe characteristics have also been seen in the afterglow of a pulsed SF 6 plasma [18] . Figure 5 compares the radial dependence of the electron temperature to (V p − V f )/5.1. According to (8) , both curves should have the same radial variation in the absence of negative ions. It is important to note that for Ar discharges we found the proportionality constant relating V to T e was the same at all radii, as predicted by theory. Therefore, we believe that the discrepancy between V /5.1 and T e Figure 4 . Cylindrical probe characteristics (a) on axis (r = 0) and (b) at the plasma edge (r = 16 cm). The negative particle current is dominated by electrons at the plasma centre. At the plasma edge we find only positive and negative ions.
at the edge of the SF 6 plasma is due to negative ions. The electron temperature starts to noticeably diverge from V /5.1 in the transition layer and increases dramatically at the plasma edge, where V ≈ 0, indicating that the electron density is negligible. The increase in T e may be due to the preferential attachment of low-energy electrons to SF 6 (the cross section for attachment peaks at ≈0.1 eV). Here SF 6 molecules act like Maxwell's demons, increasing the average electron energy by removing less energetic electrons. Probe characteristics indicate two populations of negative particles between r = 10 and 14 cm: a hot electron tail and a population of cold negative ions with a temperature of ≈0.5 eV. Finally, at r = 16 cm we observe only the cold negative ion population. The negative ion temperature can be deduced from the characteristic at r = 16 cm ( figure 4(b) ), since the electron current is negligible. We find T − = 0.5 eV, which is much higher than the room temperature value one might expect. (The same value of T − was also found using the planar probe.) This can be explained by considering production and loss mechanisms for negative ions.
Production mechanisms for negative ions
Three main production processes for negative ions can be proposed. First, negative ions are created near the centre of the diffusion chamber by dissociative attachment of SF 6 , leading mostly to the formation of F − and SF − 5 [19] . This process occurs predominantly in the centre of the chamber, where magnetic field lines guide energetic electrons from the source chamber into the diffusion chamber. Second, negative ions are created by the attachment of low-energy electrons. This process can occur at the centre of the discharge, although dissociative attachment probably dominates there. Attachment will be dominant at the plasma edge as lowenergy electrons diffuse radially outward. Negative ions created in the transition layer are then accelerated toward the plasma centre by the radial electric field (figure 3). Third, negative ions can be created by electron attachment at the walls, and then be accelerated toward the centre as in the second case. Similar hypotheses have been used to explain the energetic negative ions found in a direct current sputtering magnetron [20] .
It is difficult to distinguish between these mechanisms, but a few remarks can be made. Dissociative attachment is unlikely to be the only mechanism since it seems likely that negative ions created in the centre of the discharge will be confined radially by the potential barrier in the transition region. Nevertheless, this mechanism can explain the creation and confinement of negative ions in the central region. (In a steady state, negative ions confined in the discharge need to be destroyed in the discharge.) The other two mechanisms are consistent with both the presence of negative ions at the plasma edge and their unexpectedly high temperature. The mean free path for collisions with neutrals is a few centimetres for these low pressures (1-5 mTorr), allowing negative ions to cross the diffusion chamber with only a few collisions. Therefore, negative ions can gain an energy in the transition layer of several electron volts, which is consistent with an average energy of 0.5 eV. Our measurements do not have enough spatial resolution to distinguish between gas phase production (in the edge region) and surface production of negative ions, but we believe that the latter process is negligible. The work function for (clean) Al is 4.7 eV whereas the electron affinity of F in free space is 3.4 eV. Therefore direct attachment of surface electrons to F is unlikely, although surface contamination may lower the work function somewhat. The surface production of negative ions is also observed in conjunction with high-energy positive ion bombardment due to the sheath, for example in magnetron sputtering [20] . In such a situation, positive ion bombardment can enhance negative ion formation. Negative ions are then accelerated away from the surface by the high-voltage sheath. As discussed in the next section, any positive ion sheath at the radial walls of the diffusion chamber is quite small, inhibiting negative ion formation there.
Radial profile of negative ion fraction
Negative ion losses are due either to recombination with positive ions, which is most likely in the central region where the positive ion density is largest, or to recombination on the sidewalls. Detachment by electron impact and photo-detachment are probably negligible [21] . Regions of negative ion production and loss can be inferred from radial density profiles of the electrons and ions. Using our twoprobe technique, we have determined the radial profile of the negative ion fraction α assuming γ = T e /T − = 10 (T − = 0.5 eV, T e = 5 eV) and that γ is constant along the radius. The result is plotted in figure 6 , where both techniques described in section 2 have been used. We calculate that α ≈ 5 in the central region. However, although the negative ion density is approximately five times the electron density, the electron current is still much greater than the negative ion current. In the edge region, our technique for measuring α loses its usefulness as it is clear that n e n − ≈ n + . In the transition layer the electron density decreases leading to a dramatic increase in α. Therefore, the transition layer performs some of the functions of a positive ion sheath, and defines an (internal) boundary layer. A negligible positive ion sheath is then needed at the radial walls of the diffusion chamber since all electrons have been attached and the thermal fluxes of positive and negative ions toward the wall are nearly equal. (This inference is bolstered by the fact that we were able to detect negative ions escaping radially from our cw discharge using a charge-sensitive mass spectrometer.) The radial profile of the negative ion fraction in figure 6 is similar to that reported by Kawai and Mieno [14] . However, their results are not directly comparable to ours since ions in their experiment were fully magnetized (B 0 = 2.0 kG).
Pressure dependence of the negative ion fraction
The pressure dependence of the negative ion fraction measured on axis (r = 0) is presented in figure 7 . Values of α have been calculated for two different assumptions: γ = 100 (room temperature negative ions) and γ = 10. Our results are compared to those of St-Onge et al [15] measured using laser-induced photo-detachment under fairly similar conditions. For γ = 10, the data are seen to agree closely. This provides further evidence that the negative ion temperature is significantly greater than the neutral gas temperature. Comparison of these two experiments is merely suggestive and our results need to be validated in our reactor using other techniques. Nevertheless, probe characteristics also indicate that T − ≈ 0.5 eV, as is consistent with the observed potential structure. Figure 8 shows a comparison between α obtained from the current ratio R and from the difference between the [15] , and reinforce the hypothesis that the negative ion temperature is much greater than the neutral gas temperature. plasma and the floating potentials, again assuming γ = 10. The results are consistent with one another, indicating that the relative variation of α is correctly estimated by either technique (for Maxwellian electrons). A determination of the absolute variation of α depends upon knowing the temperature ratio, which we can only estimate here. However, our results are probably correct to within a factor of two, as the theoretically predicted flux depends only on the square root of the temperature ratio.
Summary and conclusions
We have characterized the negative ion fraction in the diffusion chamber of an SF 6 helicon discharge using a novel two-probe method. This technique uses a model for the positive ion flux to a planar probe as a function of the negative ion concentration, and requires an estimate for the electron-to-negative ion temperature ratio. We find that the plasma in the diffusion chamber can be separated radially into three regions. The negative particle current in the centre is dominated by electrons confined by the magnetic field (even though the negative ion density exceeds that of the electrons), whereas the plasma edge contains only positive and negative ions. A transition layer that behaves somewhat like a positive ion sheath is found between them. Since nearly all electrons are attached before reaching the wall, a minimal sheath is needed at the radial walls. This occurs because electrons are strongly magnetized while ions are not. The negative ion temperature has been found to be ≈0.5 eV, which is much greater than room temperature, but is consistent with the plasma potential profile and the long mean free path for ion-neutral collisions.
